Food aversions develop when the taste of a novel food is associated with sickness, which often occurs after food poisoning or chemotherapy treatment. We identified calcitonin-gene-related peptide (CGRP) neurons in the parabrachial nucleus (PBN) as sufficient and necessary for establishing a conditioned taste aversion (CTA). Photoactivating projections from CGRP PBN neurons to either the central nucleus of the amygdala or the bed nucleus of the stria terminalis can also induce robust CTA. CGRP PBN neurons undergo plasticity following CTA, and inactivation of either Arc or Grin1 (genes involved in memory consolidation) prevents establishment of a strong CTA. Calcium imaging reveals that the novel food re-activates CGRP PBN neurons after conditioning. Inhibition of these neurons or inactivation of the Grin1 gene after conditioning attenuates CTA expression. Our results indicate that CGRP PBN neurons not only play a key role for learning food aversions but also contribute to the maintenance and expression of those memories.
In Brief
Conditioned taste aversion (CTA) develops when ingestion of a novel food is accompanied by gastrointestinal malaise. Chen et al. demonstrate that parabrachial CGRP neurons are not only necessary for learning CTA but are also active during expression of those memories.
INTRODUCTION
Animals have innate preferences for tastes accompanying calorically rich foods and aversions to tastes associated with potentially spoiled or toxic foods. In addition, they possess learning mechanisms to modify feeding behavior based on their experience. If ingestion of a food is followed by gastrointestinal malaise, animals avoid consuming that food in the future. This phenomenon, known as conditioned taste aversion (CTA), protects animals against repeated consumption of toxic food. Taste aversion learning is considered a type of classical Pavlovian conditioning, where an association is formed between the food (conditioned stimulus [CS] ) and subsequent malaise (unconditioned stimulus [US] ). To develop a strong CTA, both the food and the malaise must be novel. A remarkable feature of CTA is that the ingestion of food and subsequent visceral malaise can be separated by hours, suggesting that an engram (or memory) of the novel food persists long after initial exposure (Reilly, 2009 ).
Despite its importance as a critical survival mechanism, the neural integration of taste and malaise signals underlying the food memory is poorly understood. Ascending gustatory and visceral signals follow parallel but distinct paths from the cranial nerves to the nucleus of the solitary tract and then the parabrachial nucleus (PBN). From the PBN, taste information is relayed through the gustatory thalamus (parvicellular part of ventral posteriomedial thalamus [VPMpc] ) and gustatory cortex (Spector, 2009) . Nociceptive visceral signals are relayed through the PBN to the central nucleus of the amygdala (CeA), bed nucleus of the stria terminalis (BNST), thalamus, and hypothalamus (Lundy and Norgren, 2015) . Although separate pathways relay gustatory and visceral signals, interconnectivity between many of these regions (Reilly and Bornovalova, 2005; Yamamoto and Ueji, 2011) complicate efforts to identify where the association between taste and illness occurs to produce an aversive taste memory.
A seminal study, which observed that decerebrate rats failed to acquire a CTA (Grill and Norgren, 1978) , sparked the search for forebrain regions responsible for taste aversion learning. Lesions of many forebrain regions impair CTA acquisition, though none completely abolish CTA learning (Reilly, 2009 ). However, lesions of the PBN disrupt the transmission of ascending US signals and consequently prevent learning the association between CS and US (Reilly, 1999; Spector et al., 1992) .
In the laboratory, CTA is commonly modeled by pairing a novel food or taste with exposure to lithium chloride (LiCl), lipopolysaccharide (LPS), or other compounds that induce nausea and malaise (Garcia et al., 1955; Ingram, 1982) . Systemic administration of LiCl or LPS induces Fos, a marker of neuronal activity, in the PBN, which co-localizes in part to neurons that express the calcitonin-gene-related peptide (CGRP) (Carter et al., 2013) . Stimulating CGRP PBN neurons is sufficient to induce a CTA, and inhibition of these neurons attenuates LiCl-induced CTA (Carter et al., 2015) . However, it is unclear whether inhibition of CGRP PBN neurons prevents the acquisition or the expression of the memory. After CTA acquisition, the taste induces Fos in the external lateral PBN, where CGRP neurons reside (Swank and Bernstein, 1994; Tokita et al., 2007) . Furthermore, CGRP PBN neurons can also respond to a cue after fear conditioning (Campos et al., 2018) . Therefore, we hypothesized that activation of CGRP PBN neurons may also be necessary for the expression of a CTA. We delivered viruses expressing Cre-dependent genes into the brain of mice with Cre-recombinase targeted to the Calca locus, which encodes CGRP, to selectively manipulate the activity or gene expression of CGRP PBN neurons to investigate their roles in acquiring and expressing a CTA.
RESULTS

Activation of CGRP PBN Neurons Induces CTA and Involves Release of CGRP
We developed a paradigm to induce a robust and persistent CTA by acclimating mice to a restricted drinking schedule in cages with two water bottles for 3 days. On day 4, water was replaced with access to a novel taste (5% sucrose) for 30 min followed by an injection of saline, LiCl (180 mg/kg), or LPS (50 mg/kg). Mice were given water access the next day then the conditioning paradigm was repeated. CTA was measured on day 8 with a two-bottle preference test comparing sucrose intake to total fluid intake (water + sucrose) during a 30-min period (preference = sucrose/total fluid consumption; Figure 1A ). LiCl-or LPS-injected animals developed a robust CTA (sucrose preference < 0.2) that persisted for at least 4 weeks after conditioning ( Figure 1B) .
Because LiCl and LPS both activate CGRP PBN neurons, we asked whether artificial activation of these neurons can induce a robust and persistent CTA. Mice were bilaterally injected with an adeno-associated virus carrying an excitatory receptor in a Cre-dependent manner (AAV1-DIO-hM3Dq:mCherry), which is exclusively activated by clozapine-N-oxide (CNO), into the PBN of Calca Cre/+ mice. Pairing sucrose with an injection of CNO (1 mg/kg) resulted in a robust and long-lasting CTA ( Figures  1C and 1D ), similar to LiCl-or LPS-induced CTA. (F) Robust CTA is acquired with low-frequency, long-duration optogenetic stimulation or high-frequency, short-duration stimulation of CGRP PBN neurons (n = 5 for each group; one-way ANOVA; interaction F 5,20 = 18.847; p < 0.001). Dashed line represents mice injected with YFP and stimulated at 5 or 30 Hz (sucrose preference, 0.86 ± 0.09). Significant differences between groups compared to YFP are denoted by *, and significance between 5 and 30 Hz at 5 or 30 min is denoted by +. (G) Cre:GFP (green) and CGRP expression (red) in Calca Cre/+ (HET) and Calca Cre/Cre (KO) mice. Scale bar, 100 mm.
(H) CGRP KO mice have attenuated LiCl-induced CTA (HET: n = 7 saline, n = 8 LiCl; KO: n = 6 saline, n = 10 LiCl; two-way ANOVA; interaction F 1,27 = 8.86; p = 0.006). Data are reported as mean ± SEM. ***p < 0.001.
LiCl, LPS, and CNO activation of CGRP neurons all have longlasting effects that persist for >2 hr (Carter et al., 2013) , but a brief 5-min stimulation of CGRP neurons is also sufficient to induce CTA (Carter et al., 2015) . To determine the optimal stimulation parameters for CTA, we used optogenetics with channelrhodopsin, a light-activated cation channel, tagged with a yellow fluorescent protein (YFP) to vary the stimulus frequency and duration of activation of CGRP PBN neurons. We bilaterally injected AAV1-DIO-ChR2:YFP and implanted fiber optic cannulas over the PBN (Figure 1E) . Pairing 5% sucrose with low-frequency, long-duration photostimulation (5 Hz for 120 min) or high-frequency, shortduration stimulation (30 Hz for 30 min) was sufficient to induce a robust CTA, whereas low-frequency, short-duration stimulation (5 Hz for 5 min or 30 min) did not result in CTA ( Figure 1F ).
To examine the role of CGRP signaling in CTA, we used homozygous Calca Cre/Cre mice; the Cre:GFP cassette includes a polyadenylation signal inserted into the 2 nd exon, which precludes expression of the downstream exon encoding CGRP. Immunohistochemistry staining for CGRP in the PBN of Calca Cre/Cre mice confirmed the absence of CGRP-positive fibers in these knockout (KO) mice ( Figure 1G ). Pairing novel sucrose with an injection of LiCl in CGRP KO mice attenuated development of CTA compared to heterozygous (HET) controls ( Figure 1H ). Interestingly, chemogenetic activation of CGRP PBN neurons expressing hM3Dq in CGRP KO mice still produced a strong CTA (sucrose preference: 0.049 ± 0.00875 in HET and 0.159 ± 0.0942 in KO mice; n = 5-6 mice per group; Mann-Whitney rank sum test; U = 9; p = 0.180). Thus, LiCl-induced CTA requires release of CGRP, but direct activation of CGRP PBN neurons can induce CTA independently of CGRP release.
CGRP PBN Neurons Undergo Plasticity after CTA
As CTA involves learning, we asked whether CGRP PBN neurons undergo plasticity after conditioning. We measured the ratio of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) to N-methyl-D-aspartate (NMDA) receptor currents and frequency of spontaneous excitatory post-synaptic currents (sEPSCs) after CTA. To enhance visualization of CGRP neurons, AAV1-DIO-mCherry was injected into the PBN of Calca Cre/+ mice, which co-localized with endogenous Cre:GFP expression ( Figures 2A and 2B ). Mice were conditioned with 5% sucrose and LiCl injection (as in Figure 1A ) and tested for acquisition of CTA 2 days after the last conditioning trial. LiCl-injected (CTA) mice showed a significant increase in AMPA/NMDA ratio compared to control saline-injected mice ( Figures 2C and 2D ). The increase in AMPA/NMDA ratio was accompanied by a significant increase in the frequency, but not amplitude, of sEPSCs recorded from CTA mice ( Figures 2E-2G ).
We also examined the role of Arc, an immediate early gene implicated in memory consolidation (Plath et al., 2006) , and Grin1, which encodes the essential NR1 subunit of the NMDA receptor and is involved in Arc induction, in the development of CTA. To knock out Arc or Grin1 selectively in CGRP PBN neurons, we generated a conditional mouse, in which Cre expression at the Calca locus is dependent on FLP recombinase (Calca frtCre/+ ; Figure S1 ). These mice were bred to mice with conditional Arc or Grin 1 alleles (Figures S2A-S2C) to generate Calca frtCre/+ :: Arc lox/lox or Calca frtCre/+ ::Grin1 lox/lox (KO) mice. Littermates with the genotype Calca frtCre/+ ::Grin1 lox/+ or Calca frtCre/+ ::Arc lox/+ (HET) were used as controls. Injection of AAV1-FLP:DsRed and AAV1-DIO-YFP into the PBN allowed expression of Cre and Cre-dependent YFP in CGRP PBN neurons ( Figure 2H ), which then inactivated the Arc or Grin1 gene in those cells to produce cell-specific KO. Non-CGRP neurons express FLP:DsRed, but not Cre-dependent YFP ( Figure 2H , inset). Expression of Cre resulted in the absence of Arc expression in Arc lox/lox mice (unpublished data) and abolished NMDAR-mediated currents in Grin1 lox/lox mice ( Figure S3A ).
If either Arc or Grin1 was knocked out in CGRP PBN neurons prior to conditioning, mice were unable to acquire a CTA ( Figures  2I-2K ). Inactivation of Arc after CTA was acquired had no effect on the established memory ( Figures 2L and 2M ). However, if Grin1 was inactivated after conditioning, the previously learned aversion was attenuated ( Figure 2N ).
As NMDA receptor (NMDAR) KO may produce changes in excitability, we recorded the firing rate of Grin1 KO neurons in response to current injection and found that Grin1 KO neurons were less excitable than controls ( Figures S3B and S3C ). However, an injection of LiCl decreased food intake in both Calca frtCre/+ ::Grin1 HET and KO mice ( Figure 2O ), suggesting that the decrease in excitability does not affect the normal physiological response to LiCl. Together, these results indicate that Grin1 contributes to both the acquisition and expression of CTA, whereas Arc is necessary for acquisition, but not retention or expression, of CTA.
CGRP PBN Neurons Are Active during Expression of CTA CGRP PBN neuron activation can act as the US during CTA learning, and these neurons undergo synaptic plasticity after CTA. Therefore, we hypothesized that the novel taste (CS) could act as an US after conditioning by re-activating CGRP PBN neurons. To test this hypothesis, mice were injected with AAV1-DIO-GCaMP6m, a fluorescent calcium indicator, and implanted with a gradient-index lens over the PBN to monitor CGRP neuronal activity in awake animals ( Figure 3A) . After a single conditioning trial with 30-min access to a novel food (vanilla Ensure), mice were given an injection of LPS (50 mg/kg) or saline for controls. Two days later, mice were videotaped during re-exposure to Ensure while changes in fluorescence were recorded with miniature microscope (Inscopix) that allows visualization of calcium activity in individual CGRP-expressing neurons. We observed little change in fluorescence of CGRP PBN neurons when Ensure was not present. In mice that received LPS (CTA), fluorescence increased in virtually all of the neurons after Ensure was presented, which was not observed in control mice that received saline ( Figures 3B and 3D ). Although some changes in fluorescence coincided with head movements (Video S1; Figures S4A and S4B ), there was no significant correlation between movement distance and changes in fluorescence after Ensure was presented ( Figures 3C, S4A , and S4B). In contrast, when control mice approached the Ensure bottle, there was relatively little change in CGRP-neuron fluorescence (Figures 3B and 3D; Video S2). The average locomotor activity of CTA mice was less than control mice during re-exposure to Ensure ( Figure 3E ). Under anesthesia, presentation of a cotton swab dipped in Ensure increased fluorescence of CGRP neurons of CTA mice, There was no significant change in correlation coefficients after Ensure was presented (two-way RM ANOVA; time: F 1,104 = 2.100; p = 0.343). (D) Responses of CGRP PBN neurons at baseline (30 s) and after Ensure presentation (90 s). Each column represents all cells recorded from the same mouse (control: n = 134 neurons from 3 mice; CTA: n = 202 neurons from 4 mice). The average population response from each mouse, indicated by the horizontal black line, was used for statistical analysis (two-way RM ANOVA; interaction F 1,5 = 83.358; p < 0.001). (E) Average movement velocity of control and CTA mice during re-exposure to Ensure (control: 3 mice; CTA: 4 mice; unpaired two-tailed Student's t test; t(5) = 3.538; p = 0.017). *p < 0.05. (F) Responses of CGRP PBN neurons to the smell of Ensure while mice are under anesthesia. Each column represents all cells recorded from the same mouse (control: n = 134 neurons from 3 mice; CTA: n = 202 neurons from 4 mice). The average population response from each mouse, indicated by the horizontal black line, was used for statistical analysis (unpaired two-tailed Student's t test; t(5) = À6.299; p = 0.001). (G) Pairing Ensure with injection of LPS results in a strong CTA; pairing novel Ensure with saline does not induce CTA (left), whereas inactivation of CGRP neurons with TeTx after learning attenuates CTA (left) during 7 days of extinction testing (n = 10 in each group; two-way RM ANOVA; virus: F 1,108 = 32.217; p < 0.001). In agreement with previous findings (Campos et al., 2016) , TeTx-treated mice consume more Ensure than YFP controls (n = 6 in each group; two-way RM ANOVA; virus: F 1,60 = 11.554; p = 0.007).
(legend continued on next page) but not control mice ( Figure 3F ), demonstrating that CGRP neurons can be activated by the smell of Ensure in the absence of locomotion. These results reveal that the CS (taste and/or smell of Ensure) can act as an US after conditioning.
To explore the functional role of CGRP PBN neurons in the expression of CTA, we silenced CGRP PBN neurons with tetanus toxin (AAV1-DIO-GFP:TeTx) after establishing a CTA. These mice consumed more Ensure during 7 days of extinction compared to control mice ( Figure 3G ). Silencing CGRP PBN neurons increased Ensure intake in control mice, so we also examined the effects of transiently inhibiting CGRP PBN neurons during CTA expression. Calca Cre/+ mice were co-injected with AAV1-DIO-hM3Dq:mCherry and AAV1-DIO-KORD:mCitrine (an inhibitory receptor activated by salvinorin B [SalB]) to bidirectionally modulate CGRP neural activity ( Figure 3H ). Pairing 5% sucrose with activation of CGRP PBN neurons via CNO induced a strong CTA, but inhibition of the neurons with SalB prior to testing attenuated expression of CTA, and this pattern was repeated with subsequent testing ( Figure 3I ). When CNO and SalB were coadministered, the suppression of food intake caused by activation of CGRP PBN neurons was also attenuated ( Figure S5A ). In agreement, co-injection of CNO and SalB reduced the number of Fos-positive cells observed in the PBN (Figures S5B and  S5C) , indicating that SalB effectively inhibits neurons that otherwise would be activated by CNO. These results support the observation that not only are CGRP PBN neurons activated by the CS after learning, but their activity is important for expression of a previously learned CTA.
Stimulation of CGRP PBN Projections Results in CTA
Because CGRP PBN neurons send strong projections to the CeA, BNST, and VPMpc ( Figure S6) , we investigated the effects of stimulating each of these downstream sites on CTA by injecting AAV1-DIO-ChR2:YFP into the PBN and placing bilateral fiber optic cannulas over each of the target regions ( Figure 4A ). Pairing stimulation of CGRP PBN projections to the CeA or BNST (30 Hz for 30 min) with 5% sucrose induced CTA and reduced food intake for 1 or 2 hr ( Figures 4B and 4C) , whereas stimulating the projection to the VPMpc had no effect. These data suggest that there is redundant circuitry involved in CTA learning.
DISCUSSION
We demonstrated that pairing a novel food with either LiCl or LPS is sufficient to generate a robust and long-lasting CTA in which CGRP itself plays a role. Direct chemogenetic or optogenetic activation of CGRP PBN neurons without peripheral visceral malaise is also sufficient to induce CTA. Importantly, we also reveal that CGRP PBN neurons undergo plasticity after learning and that their activity is necessary for expression of CTA. Grin1 expression within CGRP PBN neurons is necessary for acquisition and expression of CTA, and Arc is only necessary for CTA acquisition. Stimulation of CGRP PBN projections to either the CeA or BNST mimics CTA induced by stimulation of CGRP PBN cell bodies. Although we suspect that mice develop a conditioned aversion to sucrose or Ensure, our assay only measures consumption; thus, our experiments do not distinguish between taste aversion and avoidance (Dwyer et al., 2017; Garcia and Koelling, 1966) .
We observed that CGRP KO mice develop an attenuated CTA, which supports the idea that LiCl activation of CGRP PBN neurons stimulates release of CGRP to facilitate learning the taste aversion. In agreement, pairing saccharin with an intracerebroventricular administration of CGRP results in a mild CTA (Krahn ChR2, unpaired two-tailed Student's t test, t(10) = 37.504, p < 0.001; BNST: n = 6 YFP, n = 5 ChR2, unpaired two-tailed Student's t test, t(9) = 15.484, p < 0.001; VPMpc: n = 3 YFP, n = 4 ChR2, unpaired two-tailed Student's t test, t(5) = À0.519, p = 0.626).
(C) Photostimulation of axonal projections to CeA and BNST, but not VPMpc, reversibly inhibits food intake (CeA: n = 5 YFP, n = 6 ChR2, two-way RM ANOVA, virus: F 1,8 = 15.142, p = 0.005; BNST: n = 6 YFP, n = 5 ChR2, two-way RM ANOVA, virus: F 1,8 = 9.489, p = 0.015; VPMpc: n = 8 YFP, n = 8 ChR2, two-way RM ANOVA, virus: F 1,28 = 0.908, p = 0.357). Data are reported as mean ± SEM. **p < 0.01; ***p < 0.001. See also Figure S6 . et al., 1986) , indicating that CGRP can participate in development of a CTA. CGRP neurons are glutamatergic (Carter et al., 2013) , and they express several other neuropeptides, including b-CGRP (unpublished observations), suggesting that CGRP may be one of several signaling molecules that are involved in generating a CTA. In contrast to LiCl-mediated CTA, development of CTA after chemogenetic activation of CGRP PBN neurons was unaffected by loss of CGRP. A likely explanation for this disparity is that direct chemogenetic activation of CGRP PBN neurons is more robust than that achieved by LiCl; hence, release of the other transmitters makes CGRP unnecessary. Learning to avoid a potentially toxic taste ultimately requires consolidation of a long-term memory. Our finding that CGRP PBN neurons exhibit synaptic plasticity after learning suggests that the PBN is involved in not only CTA acquisition but also the expression of the learned aversion. Inactivation of Arc, an immediate early gene involved in memory consolidation (Plath et al., 2006) , prevents establishment of CTA. This indicates a critical role for synaptic plasticity in these neurons during formation of an aversive taste memory. As induction of Arc requires NMDA receptor activation (Chen et al., 2017; Steward and Worley, 2001) , knocking out NMDA receptors (Grin1 KO) in CGRP PBN neurons also prevents establishment of a CTA. Interestingly, inactivation of Grin1 in these neurons after learning attenuated expression of CTA, suggesting that the CS activation of CGRP PBN neurons after learning also requires signaling through NMDA receptors. Furthermore, because Arc is only involved in memory consolidation (Nakayama et al., 2015; Ploski et al., 2008) , not expression, it follows that inactivation of Arc in CGRP PBN neurons after learning has no effect on CTA expression.
We demonstrated that, after conditioning, the CS can re-activate CGRP PBN neurons. Transiently inhibiting (KORD with SalB) or permanently silencing (TeTx) these neurons after learning attenuated the expression of a CTA and promoted extinction. Previously, we showed that activation of CGRP PBN neurons reduces food intake (Carter et al., 2013) and is aversive , which indicates that they relay the US during conditioning. Following the traditional model of Pavlovian conditioning, after an association between the CS and US is formed, the CS acts similar to the US to elicit behavioral responses (Fanselow and Wassum, 2015; Rescorla, 1988) . However, the neurocircuitry that allows the CS to mimic the US signal has not been identified. Most models suggest that synaptic plasticity within target neurons where the CS and US signals converge allows the CS to activate the US-responsive neurons (Johansen et al., 2011; Maren, 2005; Sah et al., 2008) . These experiments provide evidence that, after conditioning, the CS activates the CGRP PBN neurons, which initially relayed the US signal. In agreement, CGRP PBN neurons also respond to the CS after fear conditioning (Campos et al., 2018) . The neural circuitry that allows the CS to activate US-responsive neurons after learning remains to be elucidated.
Taken together, these data reveal a critical role of CGRP PBN neurons in both the acquisition and expression of an aversive taste memory. Furthermore, the frequency and duration of CGRP PBN stimulation influences the strength of the CTA acquired. Consequently, either severe malaise lasting for a short period or weak malaise lasting for an extended time can promote a strong CTA. That latter situation is commonly observed with food poisoning and chemotherapy.
The downstream neurons that mediate this learning have yet to be identified. Our observation that stimulation of CGRP PBN projections to either the CeA or BNST can result in CTA indicates that there may be redundant circuitry involved in CTA learning. In agreement, previous studies have shown that lesions of the CeA or BNST have no effect on learning a CTA (Morris et al., 1999; Reilly and Bornovalova, 2005; Roman et al., 2006; Yamamoto et al., 1995) . This may be due to the reciprocal connections within the CeA and BNST (Douglass et al., 2017; Gungor et al., 2015; Yu et al., 2017) , as well as their nearly identical inputs and target projections (Haufler et al., 2013; Lebow and Chen, 2016) . Although many studies have focused on the amygdala as a point of convergence between the taste and visceral malaise signals (Reilly and Bornovalova, 2005) , our data suggest that this CS-US association may form in multiple sites to give rise to a CTA.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Swank, M.W., and Bernstein, I.L. (1994) . c-Fos induction in response to a conditioned stimulus after single trial taste aversion learning. Brain Res. 636, 202-208. Tokita, K., Shimura, T., Nakamura, S., Inoue, T., and Yamamoto, T. (2007) . Involvement of forebrain in parabrachial neuronal activation induced by aversively conditioned taste stimuli in the rat. Brain Res. 1141, 188-196. Tsien, J.Z., Huerta, P.T., and Tonegawa, S. (1996) . The essential role of hippocampal CA1 NMDA receptor-dependent synaptic plasticity in spatial memory. Cell 87, 1327-1338.
AUTHOR CONTRIBUTIONS
Vardy, E., Robinson, J.E., Li, C., Olsen, R.H.J., DiBerto, J.F., Giguere, P.M., Sassano, F.M., Huang, X.P., Zhu, H., Urban, D.J., et al. (2015) . A new DREADD facilitates the multiplexed chemogenetic interrogation of behavior. Neuron 86, 936-946. Yamamoto, T., and Ueji, K. (2011) . Brain mechanisms of flavor learning. Front. Syst. Neurosci. 5, 76. Yamamoto, T., Fujimoto, Y., Shimura, T., and Sakai, N. (1995) . Conditioned taste aversion in rats with excitotoxic brain lesions. Neurosci. Res. 22, 31-49.
Yu, K., Ahrens, S., Zhang, X., Schiff, H., Ramakrishnan, C., Fenno, L., Deisseroth, K., Zhao, F., Luo, M.H., Gong, L., et al. (2017) . The central amygdala controls learning in the lateral amygdala. Nat. Neurosci. 20, 1680-1685. Zhou, P., Resendez, S.L., Rodriguez-Romaguera, J., Jimenez, J.C., Neufeld, S.Q., Giovannucci, A., Friedrich, J., Pnevmatikakis, E.A., Stuber, G.D., Hen, R., et al. (2018) . Efficient and accurate extraction of in vivo calcium signals from microendoscopic video data. eLife 7, e28728. 
STAR+METHODS KEY RESOURCES TABLE
CONTACT FOR REAGENT AND RESOURCE SHARING
Information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Richard D. Palmiter (palmiter@uw.edu).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
All experiments were approved by the University of Washington Institutional Animal Care and Use Committee and were performed in accordance with the guidelines described in the US National Institutes of Health Guide for the Care and Use of Laboratory Animals. All mice were backcrossed for >6 generations onto a C57BL/6 background. Calca Cre/Cre , Calca Cre/+ , and Grin1 lox/lox mice were generated as described previously (Carter et al., 2013 , Tsien et al., 1996 . Calca frtCre/frtCre ::Grin1 lox/lox males were bred with Grin1 lox/+ females and Calca frtCre/frtCre ::Arc lox/lox males were bred with Arc lox/+ females to generate KO and HET control mice. Knockout and control mice were identified by PCR of tail DNA. Both male and female mice were used for all experiments, aged 7-9 weeks at the start of experimental procedures and no more than 20 weeks at the end of experimental procedures. Mice were housed on a 12-h light/dark cycle (lights on 05:00-17:00) at $22 C with food and water available ad libitum, except during CTA and foodintake studies described below. Animals from the same litter were split randomly between control and experimental groups, with an equal number of male and female mice in each group.
METHOD DETAILS
Design of Calca-FLP-Dependent Cre Recombinase
A FLP-dependent Cre recombinase was constructed by inserting a Mt1 gene intron within the open reading frame of mnCre:GFP, which has a Myc tag (m), followed by a nuclear localization signal (NLS, n), followed by Cre recombinase fused to green fluorescent protein (Cre:GFP), to generate a gene with two exons. Then the second exon was inverted and flanked by a pair of dissimilar frt sites to make a DIO construct. The action of FLP recombinase inverts the second exon allowing splicing to generate functional Cre recombinase. This cassette was substituted for Cre:GFP in the Calca Cre:GFP construct described previously (Carter et al., 2013) to generate Calca frtCre targeting construct ( Figure S1 ). Mice with this construct were generated as described (Carter et al., 2013) .
Generation of Conditional Arc Mice
To make the targeting construct, the 5 0 arm ($7.5 kb with Pac1 and Sal1 sites at each end) and the 3 0 arm ($5 kb with Pme1 and Not1 sites) were PCR amplified with Q5 DNA polymerase from a mouse C57BL/6 BAC clone. These arms were cloned into the polylinkers of targeting vector that includes a loxP site, frt-flanked Sv-Neo gene for positive selection and Pgk-DTa and HSV-TK genes for negative selection. A loxP site was inserted into the BssH1 site in the Arc promoter region; the other loxP site is in the first intron downstream of the first exon, which includes entire coding region ( Figures S2A-S2C) . Thus, Cre-mediated recombination removes the entire coding region. This construct was electroporated into G4 ES cells (C57BL/6 3 129/Sv hybrid); DNA from clones was digested with Nsi1 subjected to Southern blot procedure using a radioactive probe located outside of the 5 0 arm. Eight of 82 clones analyzed were correctly targeted, but only one retained the 5 0 loxP site. That clone was injected into blastocysts that were then transplanted into foster mothers. Chimeric pups that were positive for the transgene were bred with Rosa26-FLPer to remove the SV-Neo gene and then with C57BL/6 mice to remove Rosa26-FLPer. Genotyping was performed using a pair of primers that flank the 5 0 loxP site.
Virus Production pAAV-hSyn-DIO-hM3Dq:mCherry, pAAV-Ef1a-DIO-mCherry, and pAAV-hSyn-dF-HA-KORD:mCitrine DNA plasmids were provided by B. Roth (Addgene, plasmids #44361, #50462, #65417). pAAV-Ef1a-DIO-ChR2:YFP and pAAV-hSyn-DIO-YFP DNA plasmids were provided by K. Deisseroth (Stanford University). pAAV-Ef1a-DIO-synaptophysin:mCherry DNA plasmid was generated from pAAV-Ef1a-DIO-synaptophysin:GFP by replacing the GFP fragment with mCherry (Roman et al., 2016) . pAAV-CBA-FLP:DsRed and pAAV-CBA-DIO-GCamp6m DNA plasmids were provided by L. Zweifel. pAAV-CBA-DIO-GFP:TeTx was constructed by R. Palmiter . Viruses were prepared in-house by transfecting HEK cells with each of these plasmids plus pDG1 (AAV1 coat stereotype) 
Stereotaxic Surgery
Mice were anesthetized with isoflurane and placed on a robotic stereotaxic frame (Neurostar). Virus was injected unilaterally or bilaterally as described in the text in the PBN (antero-posterior (AP) À5.00 mm; medio-lateral (ML) +/À1.35 mm; dorso-ventral (DV) 3.40) at a rate of 0.2 ml/min for 2.5 min. In mice used for optogenetic experiments, two custom-made fiber optic cannulas were implanted bilaterally above the PBN (AP À5.00 mm, ML ± 1.75 mm, DV 3.0), CeA (AP, À1.20 mm, ML ± 2.9 mm, DV 4.50 mm), BNST (AP 0.14 mm, ML ± 1.20 mm, DV 4.00 mm), or VPMpc (AP À1.80 mm, ML ± 1.25 mm, DV 3.00 mm) and affixed to the skull with C&B Metabond (Parkell) and dental acrylic. Mice were allowed to recover for 3 to 5 week before start of behavioral tests.
Photostimulation
After recovery from surgery, mice were acclimated to dummy cables attached to the implanted fiber optic cannulas. For CTA and food-intake studies, bilateral branching fiber optic cables (200-mm diameter, Doric Lenses) were attached to the head of each mouse before presentation of sucrose or food. Light-pulse trains (10 ms; 3 s on, 2 s off) were delivered at 5 Hz or 30 Hz for 5, 30, or 120 min as described in the text. Stimulation paradigms were programmed using a Master8 (AMPI) pulse stimulator that controlled a blue-light laser (473 nm; LaserGlow). The power of light exiting each side of the branching fiber optic cable was adjusted to 10 ± 1 mW.
Conditioned Taste Aversion (CTA) Assay
Mice were individually housed in custom cages with angled ports for placement of 2 test tubes of water. After 7 d of acclimation to the cage and bottles, mice were water deprived overnight. On days 1-3, mice had access to water for 30 min approximately 4 h after the onset of the light cycle and for 1 h before the onset of the dark cycle. On day 4, mice were given 30 min access to a novel 5% sucrose solution, followed by an injection of LiCl, LPS, CNO, or photostimulation. Water was available for 1 h in the afternoon and again on day 5, following the same schedule as days 1-3. This conditioning was repeated on days 6 and 7. On day 8, mice were given access to two bottles (water and 5% sucrose) for 30 min. The volume consumed was recorded in grams and converted to milliliters. For calcium imaging and tetanus toxin (TeTx) experiments, ad libitum-fed mice were presented with a test tube of vanilla-flavored Ensure approximately 2 h after the onset of the light cycle. Twenty min after the first lick, mice were injected with LPS (50 mg/kg) and the Ensure bottle was removed after 4 h. Activity of CGRP PBN neurons was measured on re-exposure to Ensure 2 d after conditioning. Surgery on mice for TeTx experiments was performed 3 or 4 d after conditioning and mice were allowed to recover for 3 weeks before testing for CTA.
Measuring Food Intake
After CTA, mice were allowed to recover for 7 d with ad libitum access to food and water. During this time, mice were also acclimated to a different rodent diet (D12450B, Research Diets), which was less susceptible to crumbling during consumption.
For manipulations of CGRP PBN neurons with CNO and SalB, mice were acclimated to BIODAQ recording chambers (Research Diets) for 7 d. Food was removed 5 h prior to the start of the dark cycle each day and returned 15 min after lights out. Baseline food intake was measured for 3 d after the acclimation period and averaged. The next day, mice were given an injection of CNO 15 min prior to the start of the dark cycle and an injection of SalB at lights out. Food was returned 15 min into the dark cycle and consumption was measured overnight.
For photostimulation of CGRP PBN axons, mice were fasted overnight then food restricted to 90% of their pre-fasting body weight for 3-4 d. During baseline food-intake measurements, optic fibers were bilaterally connected to the fiber optic cannulas on the head of mice but no laser stimulation was given. Mice were given access to food for 2 h and the amount consumed was recorded. The next day, mice were photostimulated for 30 min at 30 Hz and food consumed over 2 h was recorded.
Calcium Imaging
Mice were prepared for calcium imaging as described (Resendez et al., 2016) . Briefly, 3 weeks after AAV-CBA-DIO-GCaMP6m viral injection, mice were anesthetized with isoflurane and implanted with a microendoscope lens (6.1 mm length, 0.5 mm diameter; Inscopix #100-000588) with assistance of a ProView implant kit (Inscopix, #100-000754) that allowed visualization of fluorescent activity during implantation. The lens was targeted to be $200-300 mm above the neurons using the following coordinates: AP À4.80 mm, ML À1.70 mm, DV 3.20 mm. One week after lens implantation, mice were anesthetized and a baseplate (Inscopix, #100-000279) was implanted above the lens. The baseplate provides an interface for attaching the miniature microscope during calcium imaging experiments, but at other times a baseplate cover (Inscopix, #100-000241) was attached to prevent damage to the microendoscope lens. Calcium fluorescence was recorded with nVista acquisition software (Inscopix) at 5 frames/s. Ethovision XT10 (Noldus Technology) was used to synchronize calcium recordings with behavioral video recordings. The recording parameters were based on pilot studies that demonstrated the least amount of photobleaching while allowing sufficient detection of fluorescent activity. Videos were processed with Mosaic software (Inscopix). Constrained non-negative matrix factorization for microendoscope data (CNMF-E) analysis was used to correct for neuropil contamination and background fluctuations in fluorescence caused by movement (Zhou et al., 2018). All detected calcium transients were visibly inspected for each cell to verify accuracy.
QUANTIFICATION AND STATISTICAL ANALYSIS
An online power and sample size calculator was used to determine an effective sample size for statistical comparisons (http:// powerandsamplesize.com). Based on a pilot study for CTA, we used a mean sucrose preference of 0.4 and s.d. of 0.2. Assuming a significance level of 0.05 and power of 0.8, we calculated a sample size of 4 mice per group if means were 2-fold different with a two-tailed Student's t test. SigmaPlot 12.0 (Systat Software) was used for all other statistical analysis. For all data, normality was tested using the Shapiro-Wilk test to determine whether parametric or non-parametric analyses were required. The asterisks in the figures represent the p values of post hoc tests corresponding to the following values *p < 0.05, **p < 0.01, ***p < 0.001. Data and figures were exported into CorelDraw X6 (Corel) for preparation of figures.
Following histology and imaging, any mouse whose targeted injection site was missed or demonstrated very sparse expression (%10 fluorescent neurons/section at bregma À5.1) was excluded from experimental analysis.
